We model the aggregation properties of antibody solutions. For commercial biotech, it is desirable to formulate antibody solutions to have low viscosities. We go beyond previous colloid theories in treating protein-protein self-association of molecules that are antibodyshaped and flexible and have spatially specific binding sites. We consider interactions either through Fab-Fab or Fab-Fc binding. We adapt Wertheim's theory of strongly interacting particles. We compute the cluster-size distributions, viscosities, second virial coefficients and Huggins coefficients, vs. antibody concentration. We find that the aggregation properties of concentrated solutions can be anticipated from simpler-to-measure dilute solutions. A principal finding is that aggregation is controllable, in principle, through modifying the antibody itself, and not just the solution it is dissolved in. In particular:
M
ost of the therapeutics produced by today's biotechnology are monoclonal antibodies (mAbs). The current global market for biotech drugs is around $100 billion per year (1) . A principal challenge is to formulate liquid solutions that are sufficiently concentrated in antibodies to be efficacious, and yet sufficiently dilute and inviscid that patients can inject them into their bodies. Typical commercial mAbs formulations have concentrations around 100 mg/mL (2, 3) . It is clear that the high viscosities of antibody solutions arise from protein-protein interactions (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . But, it is not yet clear how to rationally design formulations that can both maximize efficacy (protein concentration) and minimize viscosity (15, 16) . Here we propose a microscopic theory of antibody (Ab) aggregation.
There are several previous modeling studies (17) (18) (19) (20) (21) (22) ). Because atomistic level molecular simulations are not practical for studying phase equilibria of these complicated systems, a traditional approach has been to treat protein aggregation using statistical mechanical theories for solutions of spherical charged particles (23) (24) (25) (26) . And beyond simple small spherical proteins, antibodies too have been treated using these spherical-particle approaches (4, 5, 17) , based on early hardsphere theories (14, (27) (28) (29) ; for a review see (30) . However, it has long been known that (31) : "The isotropic models fail to describe the phase diagram of protein solutions quantitatively and cannot address phenomena such as protein aggregation ...". We have recently found that an approach based on the Wertheim theory of solutions can satisfactorily handle orientation-dependent and short-ranged interactions between spheres, giving good predictions of the phase behaviors in simpler protein solutions (32) (33) (34) . However, antibodies are more complex than simpler proteins. Most similar in spirit to the present work is the elegant theory of Schmit et al. (35) . Schmit et al use a binding-polynomial formulation to compute the clustering of featureless 2-arm particles that can link together into chains of different lengths. Then, they compute the viscosities of the few-particle clusters by using long-chain polymer entanglement theory.
Our approach here is different than those above, in the following respects. First, we develop a structure-based theory. While simple proteins can often be approximated as spheres or featureless particles, antibodies, in contrast, are big, flexible and Y-shaped, and have interaction sites at particular locations on the Y. Second, we are able to treat a broader range of situations than just 2-arm binding. For example, of recent interest are synthetic bispecific antibodies (bsAbs), where each arm of the Y can bind to a different epitope, or with a different affinity (36) . BsAbs are attractive for cancer immunotherapies, where one arm binds to the tumor cell, while the other arm binds to a natural killer T cell, bringing the killer cell close enough to destroy the tumor cell (37, 38) . More than 20 bispecific antibodies are now in clinical development, and two (catumaxomab and blinatumomab) are currently on the market (38) . The present model is able to explore the aggregation properties of both monospecific and bispecific antibodies, as well as situations in which the Fc (fragment crystalizable) fragment is sticky. Third, we relate the viscosities to clusters using traditional solution theories of Einstein, Huggins, and Sudduth (39) (40) (41) , rather than as entangled chains, since anti-
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We present the results for 3 different situations: (1) Monospecific Natural mAbs, where the two Fab arms bind equally, and there is no binding to Fc. (2) Bispecific Synthetic Abs, where each Fab arm binds differently, and there is no binding to Fc. And (3) Arms-to-Fc: Fab arms are identical, and either one of them can bind to Fc. Schematic illustration of clustering described above is shown in Fig. 1 . 
Methods
Wertheim's theory of strongly interacting particles (42) (43) (44) affords us an opportunity to treat molecules having shapes as complex as antibodies. We model antibody solution in two steps. First, we start with a multi-component mixture of hard spheres that have different specific sticky interactions. Those spheres self-assemble into Y-shaped molecules, as if they were covalently linked; see Fig. 2 . Each Y is assembled as an identical collection of 7 hard spheres, each sphere having diameter σ = 3 nm, and each sphere being decorated by different attractive short-ranged sites, located on the surface. Second, those Y-shaped molecules then form a one-component fluid of molecules, interacting via short-range attractive potentials from their unsatisfied sticky sites; see Fig. 2b . The sticky sites are labelled A (green), B (blue), C (red), D (orange) and E (black). Only sites of the same color can bond to each other. For example, spheres of type 1 assemble at the center of the molecule; it has 3 C sites, contacting other sphere types 2, 3, and 4. In the first stage of incipient assembly, type D-D and E-E bonds form to create the Y-shaped antibody molecules. If the number density of hard spheres of type i (i = 1 . . . 7) is ρi then the number ρ of Ab molecules is also equal to ρi.
The mathematical details of the model are given in SI, see Eqs. (S1)-(S4). Here is a brief overview. Each type of interaction -say between A and B -is expressed by an energy ε AB , where positive values indicate attraction, and the range of interaction ω. Then, we construct the free energy of the system, see Eqs. (S5)-(S12) of SI, what allows calculation of thermodynamic properties. Next, we compute the distributions of cluster sizes, i.e. the populations of Y-shaped molecules as single molecules, as 2-molecule clusters, as 3-molecule clusters, etc. Then, as described below, we can compute the 
We give this equation in order to define quantities the quantities that will be useful throughout this paper. Here, η0 is the viscosity of solvent, [η] is the intrinsic viscosity, and k H is the Huggins constant (40, 45) . Higher terms are of order γ 3 . On the other hand, we note that this polynomial expansion, Eq. 1, is not itself sufficient to account for systems of associating particles, such as antibody solutions. To model antibody solutions, we must establish the connection between the antibody cluster size and solution viscosity. For this, we assume that an increase of the mass concentration of the cluster with n Ab molecules dγn, contributes to the relative increase of viscosity dη/η as
The one-component version of Eq. (2), which was originally proposed by Sudduth (41) , is generalized here to account for the presence of clusters (n > 1). For f (n) we adopt the form:
where c and d are adjustable parameters to fit the data. The functional form is suggested by the experimental observations (35, 46) , indicating a strong increase of solution viscosity for mAb concentrations above 90 mg/mL. Note that f (n) depends solely on the number of molecules involved, n, and not on their spatial distribution in the cluster. Increments of dγn depend on the total mass concentration of antibodies, γ, and the weight fraction distribution P (n, γ), which is the massweighted probability of finding an antibody molecule as a part of n-mer (i.e. a cluster containing n antibody molecules), as
Integration of Eq. (2) yields an expression for η of the form
In addition to P (n, γ), we also defined the number fraction distribution, H(n, γ), which defines the average cluster size, n , as (45)
nH(n, γ). [6] P (n, γ) and H(n, γ) are both normalized and related to each other through n P (n, γ) = nH(n, γ). To obtain these functions, we use the Wertheim theory of strongly associating liquids (42) (43) (44) , as described in detail in the SI.
Results and Discussion
Viscosity increases as power law of the antibody concentration. First, we computed solution viscosities for case (1) of monospecific antibodies (details of case (1) (35) . Note that interaction energies define the fractions of the particles which do not bond via sites A, B, and C in Eqs. (S8)-(S12). This is the only information we need for further calculations. The resulting values of the parameters c and d are c = 0.01205 mL/mg and d = 0.3762, while ε AA is taken to depend on solution conditions (pH and salt concentration but not temperature). ε AA ranges from 32.8 to 37.9 kJ/mol, where larger values mean stronger attraction. Viscosity data for pure solvent, η0, are included in fit. Overall, we use 18 parameters to fit 96 experimental curves. Details of fitting procedure are given in Section "Monospecific antibodies: Extraction of ε AA from experimental data" of SI. The results, Fig. 3 and Fig. S1 of SI, show that viscosity increases sharply with protein concentration. And, with a few exceptions, the solution viscosities increase more rapidly with higher salt (NaCl) content and at higher pH values. Using Eq. (1) and the fit shown by the lines in Fig. 3 and Fig. S1 , we obtained a value for the intrinsic viscosity, of [η] = (12.05 ± 0.05) cm 3 /g for all solution conditions. The value is close to the range from 7.0 to 11.5 cm 3 /g, observed in experimental studies on human, bovine, and pig IgG dissolved in aqueous solutions (47) . These values are higher than for globular proteins, where [η] ranges from 2.5 to 5.0 cm 3 /g, reflecting the sizes and shapes of the antibodies.
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where Π is the osmotic pressure, M2 the molar mass of protein and R the gas constant. B22 can be obtained from the Eq. (8) at low mass concentrations γ. The idea of "crystallization slot" has been experimentally confirmed for lysozyme, BSA, ovalbumin, and other globular proteins with molar masses around 14 kDa. For larger proteins with molar mass around 140 kDa, Haas (54) and co-workers suggested for the "crystallization slot" values ranging between −4 × 10 −5 and −9 × 10 −5 cm
This finding is of interest for us because many antibodies (11, 12, 55) , including the one studied in this work, have molar masses in this range.
First, we show that two dilute-solution properties that reflect protein-protein pair interactions -the Huggins constant, k H and the second virial coefficient B22 -are closely related to each other, across a range of temperatures. 
Bispecific antibodies have two different binding arms. Each
arm contributes differently to viscosity. Now, we consider the aggregation of bispecific antibodies (case (2) in Fig. 1 ), see also Section "Modeling bispecific antibodies" of SI for mathematical description of clustering. The two arms, A and B, are nonequivalent, so ε AA = ε BB . And, we assume ε AB = 0. We call this Fab-Fab' association. We explore these properties by expressing the binding energies in terms of r, the degree of asymmetry of the interactions,
ε BB = ε0 1 − r , [10] where r takes on values from 0 (symmetric case) to 1. We set ε0 equal to 37.8 kJ/mol, which is the value for the site-site energy extracted from Fig. 3 , for the case with highest viscosity (150 mM NaCl, pH = 6.5). Notice that while r varies the total strength of interaction, ε AA + ε BB , is kept constant. Further we assume that T = 10 o C, while other potential parameters remain unchanged, ω = 0.18 nm, c = 0.01205 mL/mg, and d = 0.3762. symmetrical), the viscosity reduces to standard monospecificantibody case, increasing sharply with concentration. Second, more interestingly, it shows that when r = 1 (ε AA = 2ε0 and ε BB = 0, very different arm interactions), the antibody solutions are predicted to have much lower viscosities. The interpretation is clear. Monospecific antibodies can link to each other through two linkage sites (both arms), leading to system of linear clusters, like chains of people at a party. In contrast, bispecific antibodies in this case can only link through a single arm, may lead to clusters that are not bigger than dimers. The P (n, γ) distribution for this case (r = 1) drops from 1 to 0 for n = 1 and rises from 0 to 1 for n = 2 as soon as γ > 0. P (n, γ) distributions for intermediate values of r (0 ≤ r ≤ 1) are shown in the SI in Fig. S4 .
Here is an implication for antibody design. Normally, for biological efficacy, it is desirable that both arms of an antibody bind to an epitope, either for monospecific or bispecific antibodies. And, normally the objective, for bispecific antibodies, is to bind well to two different epitopes. But, consider now a situation in which it would be sufficient for the biology to have an antibody that binds to only one epitope through only a single Fab arm. To explore this quantitatively, we introduce the quantity Q = γ/(η/η0), which is the ratio between the concentration of antibody and its relative viscosity, with units mg of protein per mL of solution. Now Q(r, γ)/Q(r = 0, γ) gives the performance (efficacy divided by viscosity) of a bispecific antibody with asymmetry r relative to a monospecific antibody with r = 0. When Q(r, γ)/Q(r = 0, γ) > 1, it means that using the second arm for viscosity control has paid off in allowing for greater concentrations, while Q(r, γ)/Q(r = 0, γ) = 1 implies no benefit of bispecific antibody in regard to a monospecific antibody.
D R A F T the ratio
In Fig. 6 (bottom panel) we investigate the effect of degree of asymmetry r on Q(r, γ)/Q(r = 0, γ). For r > 0 and for γ > 40 mg/mL we observe strong increase of the Q(r, γ)/Q(r = 0, γ) ratio. At even higher γ values, small deviations of r from zero substantially increase this ratio. For example, changing r from 0 to 0.2 at γ = 120 mg/mL increases the Q(r, γ)/Q(r = 0, γ) ratio from unity to around 1.5, while the corresponding viscosity (η/η0) decreases from 9.5 to 7.0 as seen from the upper panel in Fig. 6 . Bispecific antibodies thus meet two important criteria for therapeutic applications: (i) they have low viscosity, and (ii) because higher concentrations can be used, their biological activity is enhanced. Note that in our theory the probability for the site on one arm (Fab) to be occupied does not depend on the occupancy of the other arm (Fab'). Violation of this assumption would change Q.
Recent study of Berteu and co-workers (56) revealed an impact of the viscosity on subcutaneous injection pain tolerance. They found that the range of viscosities from 15 to 20 mPa s were the most gentle for patients. This means that for η0 = 1.5 mPa s the relative viscosities η/η0 are between 10 and 13. These values can be reached for protein concentrations between 140 and 160 mg/mL and r > 0.3. In this case Q(r, γ)/Q(r = 0, γ) is about 2.0 (see Fig. 6 ). The most often used antibody concentration is 100 mg/mL; an increase of this concentration to 140 mg/mL would make the treatment considerably more efficient. We accordingly propose for the reduction of viscosity to be induced by a small difference between the Fab fragments.
When Fc is also sticky, the viscosity increases dramatically.
Here, we consider again a situation of monospecific antibodies, in which the two arms are equally sticky. But now in addition, we allow for the possibility that the Fc site can also stick to either Fab arm. So we set ε AC = ε BC , while all the other sitesite attractions are equal to zero (case (3) in Fig. 1 ), see also Section "Modeling the Fab-Fc association" of SI for details. The cluster-size distributions for this case are given in Fig. S5 of SI. Summarizing, we find that these solutions have very high viscosity. 
Conclusions
Monoclonal antibodies constitute a major form of modern therapeutics. These biological drugs are usually formulated and delivered as highly concentrated solutions of antibody molecules. The problem is that such solutions tend to aggregate and have high viscosities, due to protein-protein attractions. It has not previously been understood how such solution aggregation properties are encoded within the molecular energies and locations of the sticky sites on the antibody molecules. Here, we adapt the Wertheim theory of strongly associating liquids. In the present model, seven spherical particles selfassemble first into Y-shaped model antibody molecules, and 497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558   559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619 
Energetic interactions that define the model
The procedure presented in Fig. 2 of the main text, can be expressed mathematically as follows.
First we define the short-range interactions between spheres i and j, u
where β = 1/k B T and T is the absolute temperature. Here rij denotes the distance between spheres of the type i and j, and Ωi, Ωj their orientations. z DD and z EE are the distances between sites D-D and E-E. Angular brackets . . . Ω 1 Ω 2 denote the orientational average, δ(. . .) is the Dirac delta function, and δij the Kronecker delta. Kronecker delta symbols within the curly brackets {. . .} provide rules for the intramolecular bond formations between the spheres i and j and sites D and E: 1D-D2, 1D-D3, 1D-D4, 2E-E5, 3E-E6, and 4E-E7 (six intramolecular bonds altogether). Note that each of the sites D and E can be bonded only once. Finally, the molecules modeling antibodies are formed upon enforcing the condition K (ij) DD and K (ij) EE → ∞. Once this limit is taken, no dissociation to separate spheres is possible. Within Wertheim's thermodynamic perturbation theory (42, 43, 44 ) the model molecules are flexible; the only restriction is the sequence of "bonds", Eqs. (S1) and (S2), connecting the hard spheres as shown in Fig. 2 .
To account for the attractive interactions among Ab molecules, we introduce three additional short-range interaction sites, called A, B, and C (see Fig. 2 ). These sites allow intermolecular association. We can write the entire pair potential among model Ab molecules k and l, u kl , as
where primes on the summation signs label the spheres composing Ab molecules k and l. Further, u (ij) hs (rij) is the hard-sphere potential, while the sums over m and n count the intermolecular interactions among A, B, and C. Notice that α(5) = A, α(6) = B, and α(7) = C. Similarly as above, z AA , z AB , z AC , z BB , z BC , and z CC designate the distances between the pairs of sites.
Interactions among sites A, B, and C in Eq. (S3), u
, have a form of the site-site square well potentials:
where ε AA , ε AB = ε BA , ε AC = ε CA , ε BB , ε BC = ε CB , and ε CC (all defined as positive) are their square-well depths, and ω their range. Attraction between the sites causes for model antibodies to form clusters. Note again that two Fab ends are named A and B, while C stands for Fc end. The clustering is possible through attractive Fab-Fab and Fab-Fc interactions.
Wertheim's thermodynamic perturbation theory for computing the particle concentrations from the underlying model of the energetics
To calculate properties of the model fluid we use Wertheim's thermodynamic perturbation theory (TPT1) (42, 43, 44) . In this approach we de-compose the Helmholtz free energy F in the ideal F id , hard-sphere F hs , and association term Fass. The terms are given by the following expressions:
hs ) − 1 ,
where ρ is the number of antibody molecules, Λ is the de Broglie thermal wavelength (58), ρt = 7ρ, η = πρtσ 3 /6, g (py) hs
2 is the Percus-Yevick expression for the contact value of the hard-sphere radial distribution function (59) , and X A , X B , and X C are the fractions of the particles which do not bond via sites A, B, and C, respectively. They follow from the statistical-mechanical analogue of the mass action law (44):
where ∆ij = 4πg
for i and j to be A, B, or C. Herefij(r) is the orientational average of the Mayer function for the square-well site-site interaction (60) . The orientational average is taken over all possible positions of sites A, B, C, D, and E on the beads. This introduces certain flexibility into the model, as indicated in Fig. 2 . Note that the association free energy, Eq. (S7), contains the intermolecular association term and six intramolecular terms each equal to [ln(ρσ 3 g (py)
hs ) − 1 . Osmotic pressure Π is now readily available using standard thermodynamic relations (58) . Note again that ρi stands for the number density of individual spheres i = 1 . . . 7, being equal to the number density of the Ab molecules ρ. It is necessary to emphasize that such theories are only applicable in the domain of concentrations and pH values where the proteins do not undergo major conformational changes (61, 62) .
Fractions of non-bonded particles determine the viscosities of antibody solutions
Modeling monospecific antibodies: both A and B arms bind identically, and C does not. The simplest possible case to examine is the one where the sites A and B are physically equal so ε AA = ε AB = ε BB . Fab sites interact only in-between (there is no interaction with Fc site) so: ε AC = ε BC = ε CC = 0. The parameter which completely determines the n-distribution, H(n, γ), and weight fraction distribution, P (n, γ), is the fraction of molecules, not bonded through site A, X A (X A = X B ). From polymer physics it follows (45)
while expression (6) yields an exact result for n ,
which can, as shown in Section "Solution viscosity depends on the antibody cluster-size distribution", easily be calculated.
Modeling bispecific antibodies: sites A and B bind differently, and C does not. Distinction among sites A and B can be introduced in several ways. Here we select for ε AA = ε BB and for the cross interaction to be zero; ε AB = 0. As before, there is no interaction with Fc region. The n-distribution H(n, γ) is now determined not only by X A but also by value of X B . Clusters of size n can be terminated by two A sites (A· · · A), by one A and one B site (A· · · B), or two B sites (B· · · B), depending on the parity of the n-mer cluster. If n is odd, only A· · · B terminated clusters are possible. For even n, the cluster starts and ends with same type of site. The n-distribution, H(n, γ), depends on the cluster parity (45)
Distributions P (n, γ) and H(n, γ) are normalized as described in "Section Solution viscosity depends on the antibody clustersize distribution". Notice that in this case the two distributions and n depend on values of ε AA and ε BB .
Modeling the Fab-Fc association. Here we assume that the sites A and B are bonded equally strongly to the C site (ε AC = ε BC ) while all the other site-site attractions are set to 0. From the mass-action law, Eqs. (S8), (S9), and (S10), we obtain the relation X C = 2X A − 1. Three attractive interactions per Ab molecule allow formation of clusters with branched topology. Similarly as in the main text we can obtain the n-distribution H(n, γ) and examine the average n . Following Rubinstein and Colby (45), we write
and, in the next step, the analytical result for n ,
In this example both distributions as also the average < n > depend solely on ε AC .
Monospecific antibodies: Extraction of ε AA from experimental data. In this Section we present the procedure used to extract the ε AA values as a function of pH and salt content. We also present the whole set of η-γ curves as well as the P (n, γ) distributions for the Fab-Fab association for the Subsection "Viscosity increases as power law of the antibody concentration" of the main text. Measured viscosities are for different pH and salt content and as a function of the mass concentration (γ axis) shown in Fig. S1 by symbols. Color of the symbol indicates the temperature. There are 6 different isotherms and 4 points per isotherm, yielding 24 measurements per panel. As explained in the main text, we assume fixed interaction range ω = 0.18 nm for all conditions studied, while ε AA varies with pH and salt content but not with the temperature and mass concentration (ε AA is kept constant within each panel). Altogether we have to determine 18 parameters: (i) 16 values for ε AA , within each panel separately, and (ii) 2 parameters c and d of the function f (n), see Eq. (3) of the main text. For this purpose we define the objective function χ 2 to be minimized during the fitting procedure as,
where indices p, t and i run over panels, temperatures and mass concentration points, respectively. η (E) are viscosity data and η (T ) the corresponding theoretical values, while function W weights individual contributions according to uncertainties of measurements ∆η (E) . For W we propose the form,
while τ is arbitrary chosen to be 4. Note that viscosity data for pure solvent, η (E) p,t,1 = η(γ = 0) = η0, are included in fit, therefore index i = 1 is omitted from χ 2 . On the other hand, indices i equal to 2, 3, and 4 correspond to viscosity data with mass concentrations 120, 145, and 175 mg/mL. Initially we chose ε AA (p), c and d by hand, to qualitatively describe experimental data η (E) . Then we start the iteration procedure: at each step we minimize objective function χ 2 by varying one randomly chosen parameter (from 18 possible). The minimization step is realized by the golden-section search. The procedure is repeated until χ 2 does not reduce anymore. We check the robustness of the procedure by prescribing different initial values for ε AA (p), c and d. In all the cases we find the same solution c = 0.01205 mL/mg and d = 0.3762. The ε AA varies from panel to panel as written in Fig. S1 and is visualized in Fig. S2 . The whole set of η-γ curves, belonging to parameters ε AA , c and d are also a part of Fig. S1 . Fig. S2 shows an monotonic increase of ε AA upon addition of NaCl at certain pH. The increase seems to be more pronounced at low pH values: the reason might be an enhanced role of counterions at low pH regime. Note that antistreptavidin IgG1 bears positive net charge in the region where measurements were performed (isoelectic point is around 8.0). The deviation from monotonic decrease is observed for the case where no NaCl is added.
Results for P (n, γ) are shown in Fig. S3 for two solution conditions from Fig. S1 : (i) without added salt at pH = 5.0 and (ii) in mixture with 150 mM NaCl at pH = 6.5.
Bispecific antibodies: Degree of asymmetry r modifies the distribution of clusters
In Fig. S4 we show how the degree of asymmetry r affects the distribution P (n, γ) for the solution conditions described in Section "Bispecific antibodies have two different binding arms. Each arm contributes differently to viscosity" of the main text.
Value r = 0 corresponds to the symmetric antibody molecule, so it is expected for results to be in qualitative agreement with those in Fig. 4 in the main text. When r > 0, we see the decrease in P (n, γ) for chains of odd parity on the expense of the chains of even parity. For r > 0 the A-A interaction becomes energetically more favorable, see Eq. (26) of the main text, and accordingly the B· · · B termination more probable. At higher antibody concentrations, the 4-mer chains start to form.
The distribution of cluster sizes when all 3 sites (2
Fab's and 1 Fc) are sticky
In this Section we present the P (n, γ) distributions for the Arms-to-Fc binding in Section "When Fc is also sticky, the viscosity increases dramatically" of the main text. We concentrate on the case high viscosity, having the energy depth ε AC 37.8 kJ/mol (see Fig. 3 ). For the particular energy value the P (n, γ) distributions are presented in Fig. S5 (solid lines), where they are compared with the results for the symmetric Fab-Fab association (dashed lines, see also Fig. S3 ).
We observe a decrease of probabilities to find the antibody molecule as a monomer and dimer, P (1, γ) and P (2, γ). On this account, the fraction of higher n-mers such as 5-mers increases. The propensity of antibodies to form clusters through Fab-Fc terminals is enhanced in comparison with the Fab-Fab type of association. Notice that in contrast to the Fab-Fab association, where only chain-like aggregates can be formed, the Fab-Fc association model allows the formation of branched clusters. 
